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Extended-cavity diode lasers (ECDL) at 780 and 776 nm are used 
for excitation of Rb atoms to the 5D5/2 level.  Radiation from both 
ECDLs is combined on a non-polarizing beam splitter to form a two-
colour laser beam. The polarizations and intensity of the 780 nm and 
776 nm components are controlled with wave plates and polarizers.  
After transmission through an iris, the diameter of the parallel two-
colour laser beam inside the Rb cell is ~1.2 mm, making the aspect 
ratio of the atom-light interaction region approximately 0.03. The 
maximum powers of the 780 and 776 nm components just before 
entering the cell are 8 and 5 mW, respectively.   
Photodiodes and photomultiplier tubes (PMT) are used for blue 
and laser light detection. The 5.23 μm radiation is detected using a 
room-temperature photovoltaic detector based on a variable-gap 
HgCdTe semiconductor with 1 mm2 light-sensitive area and a lock-in 
amplifier. For this the laser light at 780 nm is mechanically chopped at 
400 Hz before entering the cell.   
To obtain information about the spatial properties of the 
generated mid-IR radiation the 5.23 μm beam is scanned across the 
detector using an oscillating mirror or the detector is moved across the 
beam. 
3. RESULTS AND DISCUSSION 
A. Seeding experiment 
First, we consider the case when a blue glass filter is inserted 
between the Au-coated plate and the Rb cell. As the blue filter is highly 
opaque for both the IR and laser radiation and transparent only for 
blue light, the PMT signal represents the intensity of CBL generated in a 
single pass through the cell. For a qualitative understanding, we ignore 
the weak absorption of the CBL in the second passage.  Curve (i) in 
Figure 3b demonstrates the blue light intensity as a function of 
frequency detuning of the 776 nm component of the two-colour laser. 
The two-peak CBL spectrum is familiar from previous studies [6, 11]. 
If the blue filter between the mirror and the cell is replaced with a 
plain glass plate, then the back-reflected beam contains attenuated 
laser light along with the first-passage CBL, while the mid-IR emission 
is blocked. The typical resonant absorption of the 780 nm and 776 nm 
components of the two-colour beam transmitted through the warm 
cell varies in the range of 80-90% and 20-25%, respectively. We find 
that despite such strong attenuation the reflected beam is still strong 
enough to generate new CBL during the second passage through the 
Rb vapour. In this case the PMT signal is proportional to the combined 
intensity of CBL produced in the double-pass arrangement. Its spectral 
dependence is depicted in Figure 3b by curve (ii). The intensity of the 
observed CBL is close to double that of the blue filter case despite the 
attenuation by the blue filter and the glass plate being similar. 
Removing the plain glass plate between the mirror and the Rb cell 
has a much stronger effect on the CBL intensity. In this case the 
forward-directed radiation at 5.23 µm generated by the first passage 
enters the second interaction region along with the blue and laser light. 
The mid-IR radiation at 5.23 µm appears to act as a seed for emission 
on the population inverted the 5D5/2-6P3/2 manifold produced in this 
region, which in turn results in a significant enhancement of the 
combined blue light intensity as curve (iii) reveals. 
It is interesting to compare the maximum intensities and spectral 
dependences of CBL generated with and without seeding the second 
interaction region. 
Curve (i) of Figure 3c is generated by subtracting the PMT signal 
recorded with the blue filter (curve (i) of Figure 3b) from the signal 
recorded with the plain glass plate (curve (ii) of Figure 3b) and so 
characterizes the intensity of blue light generated during the second 
passage only, with some blue light seeding but without injecting extra 
IR radiation. Some CBL attenuation due to transmission through the 
blue filter is taken into account.  The spectral profiles of CBL generated 
in the first and the second interaction regions without and with 
coherent blue light seeding (curves (i) in Figures 3b and 3c, 
respectively) are distinctly different.  We attribute this to different 
power broadening produced by the resonant light at 780 nm.  
The effect of seeding at 420 nm is of interest here, and the 
arrangement we use allows such seeding. We note that recently a ring 
cavity for blue light both enhanced the output power and narrowed 
the linewidth of the blue light generated by four wave mixing in a Rb 
vapour cell [21, 22]. Seeding the interaction region by coherent and 
directional blue light may establish a mutual coherence between the 
blue fields generated in the different passages, given that the optical 
frequencies of the CBL generated in different cells using the same pair 
of lasers have been observed to be different [6, 23]. However, our 
attempts to systematically seed with blue light have produced 
inconclusive results and further work is planned. Clearly, the 
enhancement and instabilities presented in Figure 2b are not due to 
seeding the interaction region by coherent and directional blue light.  
The intensity profile of curve (ii) in Figure 3c is the difference 
between curve (iii) of Figure 3b, recorded with no plate between the 
cell and the mirror, and curve (i) of Figure 3b, recorded with the blue 
glass plate inserted.  It thus represents the CBL generated in the second 
region with IR seeding. This approximately six-fold CBL intensity 
increase produced by injecting extra radiation at 5.23 µm emphasizes 
the importance of the process of amplified spontaneous emission that 
is responsible for frequency down-conversion, as the enhanced mid-IR 
light is directly involved in preparing nonlinear polarization for the 
5S1/2 - 6P3/2 transition (P ~ χ(3) E1 E2 EIR, where χ(3) is nonlinear 
susceptibility and Ei is the amplitude of the optical field at 780, 776 and 
5 320 nm, respectively) and subsequent CBL generation. However, the 
mechanism of forward-directed mid-IR enhancement shown in Figure 
2 remains to be clarified. It seems unlikely that the observed 
enhancement is due a low-finesse cavity effect produced by multiple 
reflections of mid-IR emission from both the cell windows because the 
enhancement is not critically dependent on the cell orientation. In the 
following, we suggest an alternative mechanism for the mid-IR 
radiation enhancement.  
B. Velocity selective and velocity insensitive two-
photon excitations 
To date, studies of the FWM process in diamond-type energy-level 
systems in alkali atoms, mostly in Rb, have focused almost exclusively 
on detecting the CBL and inferring details of the generation process 
from the blue light properties [1-13].  The primary reason for this is 
that the mid-IR radiation at 5.23 µm generated by the process of 
amplified spontaneous emission (ASE) is completely absorbed by the 
glass windows of vapour cells usually used in such experiments.  
However, the mid-IR step is a crucial component of the FWM process 
in this system and knowledge of its properties could provide 
complementary information that is invaluable for a proper 
understanding of the FWM process itself. Furthermore, the backward-
directed mid-IR radiation is of particular interest because of possible 
applications in remote atmospheric sensing [23].  Up to now, few 
attempts have been made to examine the 5.23 µm emission.  No 
evidence of backward-directed 5.23 µm emission was found in [2], 
though later such emission was detected and analysed [4, 16]. 
In the case of two lasers at 780 and 776 nm Rb atoms could be 
efficiently excited to the 5D5/2 level either by co- or counter-
propagating beams. It was recently shown that over a wide range of 
experimental parameters the backward- and forward-directed ASE at 
5.23 µm is stronger in the case of quasi Doppler-free, or velocity 
insensitive, two-photon excitation produced by counter-propagating 
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on- and off-axis components require further investigation.   
We note that the co-existence of the on- and off-axis mid-IR beams 
and their relative intensities depend on the frequency detuning of the 
applied two-component laser radiation from the corresponding one-
photon transitions. Figure 7a shows the spatial profiles of forward-
directed IR emission at the two-photon resonance (ν780 + ν776 = νFFˊˊ , 
where νFFˊˊ  are the frequencies of the two-photon transition between 
the 5S1/2(F=3) and 5D5/2(Fˊˊ ) hyperfine levels, respectively, while the 
fixed frequency component at 780 nm is tuned precisely to the 
5S1/2(F=3) -5P3/2(Fˊ=4) transition (ν780 = ν34), or red-detuned from the 
resonance (Δν780 = ν780 - ν34 ≈ - 45 MHz). The on-axis peaks originating 
from the velocity-selective excitation produced by the co-propagating 
components are wider and present in both cases, whereas the more 
collimated off-axis emission due to the nearly Doppler-free two-photon 
excitation occurs only at the exact resonances of both the laser fields.  
In this case the stepwise and two-photon excitation is 
indistinguishable. 
The spectral dependence of the forward-directed mid-IR emission 
at small cell tilt is shown in Figure 7b, where the horizontal axis is 
detuning of the 776 nm laser from the 5P3/2(Fˊ=4) - 5D5/2 transition 
and the 780 nm laser is either tuned to the 5S1/2(F=3) -5P3/2(Fˊ=4) 
transition (ν780 = ν34). The shape of the IR resonance suggests that the 
detected signal is the sum of the independent fields generated by 
population-inverted atoms within either a certain velocity group or 
from the whole velocity distribution. A detailed study of spatial 
properties of the backward and forward-directed ASE is the subject of 
a following paper. 
4. CONCLUSION 
We have shown how the orientation of a Rb cell can significantly 
affect the intensity and spectral characteristics of both the frequency 
up- and down-converted fields generated as a result of nonlinear 
processes in Rb vapour.   
By seeding the interaction region with polychromatic resonant 
light, we have revealed the important role of the process of amplified 
spontaneous emission that is responsible for generation of directional 
radiation at 5.23 µm. 
We have shown that the process of velocity-insensitive Doppler-
free two-photon excitation is central for understanding the observed 
CBL and mid-IR light enhancement. 
The velocity-selective and velocity-insensitive two-photon 
excitation for some experimental conditions can produce two 
spectrally and spatially distinguishable mid-IR fields at 5.23 µm.   
The presented results give insight into the origin of the wave 
mixing process in alkali vapours and should be useful for explaining 
the distinctive spectral dependences of backward- and forward-
directed ASE at 5.23 µm reported in [4].     
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